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Accepted 28 March 2016Distal humeral fractures are common fractures especially in immature small breed dogs. The pathogenesis is still
unknown. For this study, a three- dimensional bone model of the canine elbow was created and ﬁnite element
analysis performed in order to determine the relationship between fracture type and bone interactions. Fused
and non-fused humeral condyles were considered. A failure criterion was implemented to simulate the patho-
genesis until fracture. Our study results conﬁrm the clinical observation that lateral condylar fracture is the
most common fracture type, implying interaction with the radius. Medial and Y-fractures are less common and
occur always in interaction with the ulna whereas the radius causes lateral condylar fracture. Additionally, the
fracture type is sensitive to bone positioning during trauma. The pathogenesis of distal humeral fractures is
more complex than generally reported in the literature.






Distal humeral condylar fractures account for approximately 50% of
all humeral fractures (Bardet et al., 1983; Brinker et al., 2006). They are
classiﬁed as simple and comminuted supracondylar, lateral and medial
condylar and intercondylar or bicondylar (T- and Y-) fractures. Lateral
condylar fractures occur most often (56–67%), compared to 33–35%
bicondylar and 4–16% medial condylar fractures (Bardet et al., 1983;
Cockett et al., 1985; Denny 1983; Rorvik 1993; Vannini et al., 1988a, b,
2007). These types of fracture are reported in dogs of any age (Knight
1959; Rorvik 1993; Shuttleworth 1938), but predominantly in young
dogs less than one year in age (Guille et al., 2004; Schebitz et al., 1976;
Vannini et al., 1988a, b) with a peak incidence around four months old
when ossiﬁcation of the humeral condyle is not yet completed (Cockett
et al., 1985; Denny 1983; Knight 1959). Lateral condylar fractures are
often described as the result of minor, indirect trauma (Anderson et al.,
1990; Guille et al., 2004; Rorvik 1993; Vannini et al., 1988a,b).
A breed predisposition seems to be present in Yorkshire Terriers
(Cockett et al., 1985; Rorvik 1993), French and English Bulldogs
(Rorvik 1993), Pinscher (Rorvik 1993), Springer Spaniels, Cocker Span-
iels (Vannini et al., 1988a, b) and Cavalier King Charles Spaniels (Dennyd).1983), whereas the incidence of condylar fractures in giant breeds is
low (Cockett et al., 1985; Denny 1983). Incomplete ossiﬁcation of the
humeral condyle is an important risk factor for condylar humeral frac-
tures in adults and has been described in Cocker Spaniels (Kaderly
1994; Marcellin-Little et al., 1994; Meyer-Lindenberg et al., 2002),
Labrador Retrievers (Robin 2001), Rottweilers (Rovesti et al., 1998)
and English Pointer dogs (Gnudi et al., 2005).
Though a number of theories have been proposed concerning the
condylar fracture pathogenesis, there is no evidence in the literature
for the inﬂuence of the elbowpositionwhen fracture occurs. Various au-
thors describe condylar humeral fractures as occurring during axial
loading with proximal displacement of the radius towards the weight-
bearing lateral humeral condyle (Walker & Hickman; Shuttleworth
1938; Knight 1959; Schebitz et al. 1976; Cockett et al., 1985). For
bicondylar fractures, Shuttleworth proposed a mechanism where
the medial condyle fractures ﬁrst, followed by the lateral condyle
(Shuttleworth 1938). Two different hypotheses have been drawn from
our observations. Most elbow fractures occur after a fall from a height.
Upon impact, ground forces travelling from distal to proximal through
the front limb may possibly cause the elbow to ﬂex until the caudal as-
pect of the ulna touches the ground, with the ulnar notch acting then as
a shim in between the two condyles, pushing them apart. Another sce-
nario would be the very sudden bracing of the elbow joint in full exten-
sion upon impact of the front paw on the ground due to a strong reﬂex
Table 2
Results of Simulation 1: tested conditionswith different FEA, AbAdA andRAcombinations:
interaction of bones and stress–strain dependent resultant expected fracture type by von











60 0 0 Ulna Lateral
60 −20 0 Ulna Lateral
60 20 0 Ulna Medial
60 0 +10 Ulna Y
60 −20 +10 Ulna Y or
Lateral
60 20 +10 Ulna Medial
60 0 −10 Ulna Lateral
60 −20 −10 Ulna Lateral
60 20 −10 Ulna Lateral
130 0 0 Ulna Medial
130 −20 0 Radius +
Ulna
Lateral
130 20 0 Ulna Medial or
Y
130 0 +10 Radius Lateral
130 −20 +10 Radius Lateral




130 0 −10 Radius Lateral
130 −20 −10 Radius Lateral
130 20 −10 Radius Lateral
150 0 0 Radius +
Ulna
Lateral
150 −20 0 Ulna Lateral
150 20 0 Ulna Medial
150 0 +10 Ulna Lateral
150 −20 +10 Ulna Lateral
150 20 +10 Ulna Y
150 0 −10 Radius Lateral
150 −20 −10 Radius Lateral
150 20 −10 Radius Lateral
144 B. Böhme et al. / Research in Veterinary Science 106 (2016) 143–148contraction of the triceps muscle, hence making the radial head impact
the distal lateral humeral condyle until fracture. Both scenarios may be
possible in different varus–valgus positions of the elbow that could in-
ﬂuence the fracture type: lateral, medial or bicondylar.
The objective of the three-dimensional ﬁnite element analysis was
to determine the intraosseous stress distribution in the distal humerus
after ground contact of the limb according to bone positioning at the
moment of fracture.
2. Materials and methods
2.1. Specimen
Two pairs of canine forelimbs were harvested from 4 month old
Beagle dogs weighing 7–7.5 kg and euthanised for reasons unrelated
to this study. Humeri were cut at the level of the humeral and radial
mid-diaphysis. Soft tissues were removed, but collateral ligaments,
articular capsule and muscles directly surrounding the elbow joint
remained in place. Standard mediolateral and craniocaudal elbow ra-
diographswere taken for each specimen to conﬁrm skeletal immaturity
and to exclude radiographic visible elbow diseases.
2.2. Computed tomography
High resolution computed tomographic scans (CT) were performed
in 0.7 mm sections on the elbows, from the distal third of the humerus
to the proximal third of the radius and ulna, while placed in a ﬂexion
angle of 150°, at −10°,0° and +10° of endo-/exorotation (Siemens
Somatron 16-slice, Germany). Each section had a resolution of
0.115 mm × 0.115 mm and dimensions of 512 × 512 pixels.
2.3. Finite element analysis
Computed tomographic scans were segmented using Slicer 3D soft-
ware (Pieper et al., 2004) to delineate radius, ulna, and humerus, corti-
cal, trabecular bone and cartilage of the area of interest. Based on these
structure identiﬁcations, a three-dimensional model of the canine
elbow was constructed using an automatic procedure described in
(D'Otreppe et al., 2010; D'Otreppe et al., 2012). Models of immature
and mature elbows were derived from the same CT images to facilitate
comparison between both scenarios. The model was simpliﬁed by con-
sidering the unit of radius and ulna as a rigid body, whereas the humer-
us was deﬁned as a deformable structure.
2.3.1. Models 1 and 2 (mature dog)
The numerical canine elbow model was built using a mesh for the
humerus including trabecular and cortical bone: In Model 1, the mesh
of cortical bone was built using 26 841 nodes. The trabecular bone
was not considered and the space normally ﬁlled by it was left empty
for simpliﬁcation. In Model 2, the humerus was meshed using 9440
nodes for cortical bone and 5177 nodes for the trabecular bone. For ra-
dius and ulna a surface mesh of 1336 (radius) and 1657 nodes (ulna)
was created using the external physical boundaries of the bone.Table 1
Material properties of bone used for the ﬁnite element analysis (Kaneps et al., 1997).
Young's modulus (MPa)
Cortical bone Long.: 2660
Trans.: 1596
Shear: 570
Epiphyseal trabecular bone 2110
Diaphyseal trabecular bone 1055
Cartilage 1Mechanical properties applied are listed in Table 2 (Kaneps et al.,
1997). Trabecular and cortical bones were considered isotropic and ho-
mogenous linear elastic materials (Polikeit et al., 2007) (See Table 1).
InModel 1 no failure criterionwas applied. As bone is weaker in ten-
sion than in compression, themodiﬁedMohr–Coulomb failure criterion
(Keyak et al., 2000; Shigley et al., 1989) was chosen to mimic fracture
behaviour in Model 2.2.3.2. Model 3 (immature dog)
To evaluate immature conditionswithnon-fused condyles or incom-
plete ossiﬁcation of the condyles, the segmentation of the humerus was
further reﬁned: cortical bone, trabecular (diaphyseal and epiphyseal)
bone within the medullary cavity and the cartilaginous growth plate
were all given consideration (see Figs. 1 and 2). The numerical mesh
was built using 9440 nodes for the cortical bone, 12,626 nodes for tra-
becular bone and 297 nodes for cartilage. Similar to Model 2, the modi-
ﬁed Mohr–Coulomb failure criterion (Keyak et al., 2000; Shigley et al.,










Fig. 1. A: Principle of model construction from CT scan to a meshed 3Dmodel. Model 1.; B: 3-D model of a distal humerus: CT- scans were used as basis for segmentation with Slicer 3D
software. Cortical and trabecular bone, as well as cartilage were considered in Model 2.
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Finite element simulationswere performed using the in-houseﬁnite
element software, Metafor (Ponthot et al., 2000). Radius and ulna were
considered as one non-deformable unit. A frictionless contact was as-
sumed between humerus and radius and between humerus and ulna.
This contact algorithm is used to model the effect of articular cartilage
as a slippery surface allowing relative “sliding” between the bones. To
enforce contact constraints (and prevent the bones from penetrating
each other), the penaltymethodwas used. In a simpliﬁedway, the pen-
altymethod is equivalent to setting some springs between the bodies in
contact. A stiffness ‘k’ is attributed to each spring. The effect of the
springs is to prevent the bodies in contact from penetrating each
other. In practice, there is some latitude in the choice of a value of k.
Here, k was chosen to take into account the stiffness of the cartilage in
order to reproduce a realistic contact surface between the bones.2.4.1. Simulation 1 (Model 1)
Simulations were performed using Model 1 at 60°, 130° and 150° of
ﬂexion–extension angle (FEA), at−20°, 0° and+20° abduction–adduc-
tion angle (AbAdA) and in −10°, 0° and +10° of radioulnar endo-/
exorotation angle (RA) (see Fig. 2).
The vertical displacement was applied on the radius-ulna segment.
The distribution and maximal amplitude of the von Mises stresses in
the distal humerus were recorded along with the contribution of theFig. 2. Elbow positioning for FE simulation: elbow position at 60° ﬂexiointeracting bone structures. No failure criterion was implemented for
this model.
The contributions of the different bones and the suspected fracture
typewere identiﬁeddepending on distribution of the vonMises stresses
within the condyles (see Table 2, Figs. 3 and 4).
2.4.2. Simulation 2 (Models 2 and 3)
Simulations were performed for skeletally mature (Model 2) and
immature (Model 3) elbows at 150° FEA and 60° FEA conﬁgurations.
Additionally a failure criterion was applied to simulate bone behaviour
up to the point of bone fracture (see Section 2). Failure load, interacting




Simulation was carried out using three different variables: FEA,
AbAd and RA (entailing 27 different scenarios). The interaction of
bones was recorded at maximum von Mises stresses, whose distribu-
tion was evaluated to predict fracture type (see Table 2 and examples
given in Fig. 3).
Overall, the ulna was the predominant interacting bone when frac-
ture occurred. Our results show that ulna and radius could both possibly
cause lateral condylar fractures (66–70%, n=17) (ofwhich47% by ulna,n (A) and 150° extension (B), frontal view of 150° extension (C).
Fig. 3. Examples for von Mises stress distribution within the distal humerus at various FEA, AbAdA and RA positions. A: FEA 60°, AbAd 20°, 0°,−20°.
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tures (n = 5) are predominantly caused by humeroulnar interaction
(80% ulna, 20% radius and ulna). At 60° FEA, the interacting bone is al-
ways the ulna, independent of AbAdA and RA.
In cases of 0° of rotation and 0° AbAdA, a humeroulnar interaction is
always present before fracture occurs (at 60° and 130° FEA by the ulna,
at 150° FEA by ulna and radius).
At +10° of endorotation, the ulna at 60° and 150° FEA is the
interacting structure, whereas in−10° of exorotation, this equitation
shifts more towards the radius at 150° FEA.
At 60° FEA, independent of AbAdA and RA, 55.5% of the fractures are
presumably lateral condylar fractures, with 44.4% medial or bilateral
condylar fractures. At 130° and 150° FEA, 66.6% of cases are lateral con-
dylar fractures with the remaining 33.3% medial or Y-fractures.
All elbows positioned in exorotation (−RA) of radius and ulna show
stress distribution with suspected lateral condylar avulsion, indepen-
dent of FEA and AbAdA.
At an AbAdA of−20°, the fracture type suspected is a lateral condy-
lar fracture, independent of FEA and RA (at 60° FEA and +10° RA a
bilateral fracture may be possible).
With the exclusion of exorotation studies (−10° RA), at an AbAdA
of 20° mostly medial or bilateral fractures are expected. In our model,
50% of humeri positioned in endorotation (+10° RA) would break the
lateral condyle; the other 50% being more prone to causing medial or
bilateral fractures.Fig. 4.A. 3D ﬁnite elementmodel of the canine elbow (Model 2); B. Intercondylar fracture path
Models 1 and 2 at 60° and 150° FEA.3.2. Simulation 2 (Models 2 and 3)
At 150° FEA, lateral condylar fractures were observed in immature
and mature elbow models initiated by the radius and followed by the
ulna. Observed fractures initiated on the articular surface in between
both condyles and propagated towards the supracondylar foramen
and the lateral epicondyle (see Fig. 4 A and B).
At 60° FEA the fractures initiated at the external surface of the lateral
and medial epicondyles simultaneously and propagated through the
epicondyles in both scenarios (Models 2 and 3), but lower forces were
required for immature elbows (see Fig. 4 C). These simulations con-
ﬁrmed the expected fracture pathogenesis, where fracture occurs in
elbow extension with the radius pushing against the lateral condyle
and the fracture initiating in-between both condyles propagating to-
wards the supracondylar foramen and lateral epicondyle. With the ap-
plication of higher forces, the same fracture occurs also in joint ﬂexion
with the ulna acting as a shim between the two condyles.
4. Discussion
Condylar fractures occur frequently in association with minimal
trauma especially in young immature dogs, and adult dogs with incom-
plete ossiﬁcation of the humeral condyles (IOH). The literature de-
scribes theories of the pathogenesis where axial load is applied
through the radius and towards the weight-bearing lateral humeralof the distal humerus inmodel 2. C. Example of a load-displacement curve in Simulation 2,
Table 3
Results of Simulation 2 — tested conditions, interaction of bones, fracture type.
Flexion angle (°) Mature (Model 2)
Immature (Model 3)
Maximum Load at failure Bone contact to Fracture type
60 Immature 3.5 kN Ulna Bicondylar
60 Mature 3.6 kN Ulna Bicondylar
150 Immature 2.49 kN Radius ﬁrst then ulna Lateral
150 Mature 2.61 kN Radius ﬁrst then ulna Lateral
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et al., 1985), but to our knowledge, no study conﬁrms the fracture path-
ogenesis suspected. The objective of the present three-dimensional ﬁ-
nite element analysis was to determine the inﬂuence of the
contributing bones on resulting fracture type and on fracture pathogen-
esis. A preliminary ﬁnite element model simulation was performed in
different FEA, AbdAdd and RA (Simulation 1) combinations to evaluate
stress distribution within the distal humerus according to elbow posi-
tioning. Although no failure criterion was applied, the von Mises stress
distribution gives a good indication for the area of a possible fracture
line. In a second step a failure criterion was applied and bone structures
were reﬁned (Models 2 and 3). Non-fused and fused humeral condyles
were compared in ﬂexion and extension (Simulation 2). Overall, the ﬁ-
nite element simulation study performed showed that the pathogenesis
of condylar fractures is likely to be more complex than what has been
described in the literature to date (Bardet et al., 1983; Cockett et al.,
1985; Denny 1983; Rorvik 1993; Vannini et al., 1988a, b, 2007). As
seen in clinical observations, the highest likelihood was the lateral con-
dylar fracture (clinics 56–67%, ﬁnite element analysis 66%–70% of the
time). Bilateral fractures were expected in 7–18% and medial condylar
fractures in 18.5–26% of all scenarios tested (clinical frequency 33–
35% and 4–16% respectively)(Bardet et al., 1983; Cockett et al., 1985;
Denny 1983; Rorvik 1993; Vannini et al., 1988a, b, 2007).
The ulna articulates with the central part of the distal humerus and
may cause lateral, medial or bicondylar fractures, whereas the radius ar-
ticulates with the lateral humeral condyle and causes lateral condylar
fractures. In a 60° FEA, the ulna is acting as a shim in between the two
condyles and pushing them apart, therefore at this FEA the only
interacting bone in this simulation was the ulna. Endo- and exorotation
and abduction and adduction of the radio-ulnar bones additionally in-
ﬂuence the stress–strain distribution within the distal humerus and
contribute to the pathogenesis of condylar fractures of the humerus.
All elbows positioned in exorotation (−RA) of radius and ulna show
stress distributionwith expected lateral condylar avulsion, independent
of FEA and AbAdA. Fracturesmay appear in extension or ﬂexion, but re-
quire smaller loading to appear in extension or for unfused humeral
condyles, as it is the case in immature animals, or in cases of incomplete
ossiﬁcation of the humeral condyles.
Finite element modelling and simulation still requires several
simpliﬁcations. These simpliﬁcations inﬂuence results and need to be
addressed in future studies.
Our study design focused on the distal humerus and proximal radius
and ulna, forming the elbow joint. Adjacent bone parts, muscles and lig-
amentswere excluded. Even though ground forces could vary according
to the position of the paw upon impact with the ground, we have as-
sumed that, whatever the position, muscle forces would successfully
brace the numerous distal joints of the front leg (interphalyngeal,
metacarpo-phalangeal, carpo-metacarpal joints) in order to allow
ground forces, capable of breaking the distal humerus, to reach the
elbow. But the creation of a three-dimensional model (multi body sys-
tem) including bones and soft tissues is extremely complex and numer-
ous data are still missing. Further studies will address this topic.
Radius and ulna were considered as a united non-deformable unit,
modelled by the surface lining. Additionally, the bones in the radius-
ulna unit were not allowed to articulate between one another duringthe simulation. As we were mainly focused on the humeral condyles,
we considered this limitation as acceptable.
The conﬁguration of the humerus was adapted according to the
needs for each simulation: InModel 1, the trabecular bonewas not con-
sidered, but as we were mainly interested in the stresses occurring
within the cortical bone, the simpliﬁcation was considered acceptable.
In Model 2, the humerus was divided into its cortical and trabecular
parts with both condyles considered to be fused (continuous cortical
lining), whereas in Model 3 a growth plate and a cartilaginous plane
in between the two condyles was included in the model. In reality,
bone is a biologic non-homogenous material composed of both cortical
and trabecular bone and cartilaginous material in growing animals, all
of which are formed by different cells, ﬁbres and minerals. Additionally
the proportion of these ingredients varies within the bone according to
various factors like breed, age, location and nutrition. Therefore bone is
far from being homogeneous, but as a simpliﬁcation of nature was re-
quired for our modelling, it was considered homogeneous and trans-
versely isotropic. The anisotrophy of the bone was taken into account
by assuming that all ﬁbres lie parallel to the longitudinal axis of the hu-
merus and, therefore, the Young's modulus in the direction of the ﬁbres
is higher than in the transverse direction (transverse isotropic,
orthotropic). To create a more realistic model, analysing the ﬁbre align-
ment and bone density along the whole bone would be required.
Satisfying research on mechanical properties of canine bone is still
missing. As distinct elasticity and strength properties should be used
for immature and adult dog models, further research is required to pro-
vide these data. Moreover, we used a linear elastic model whereas
bones are generally considered as viscoelastic. To our knowledge, no
failure criterion has been published for canine bone to date and there-
fore, the modiﬁed Mohr–Coulomb failure criterion was applied (Keyak
et al., 2000). This failure criterion is a human bone failure criterion driv-
en by stress, independent of its direction within the net of nodes. It
changes with age, nutrition, anatomy and bone density. Other failure
criteria have also been investigated, but were not considered any
more suitable for our study. A better choice for modelling fractures
would be a strain failure criterion, as bone breaks in tension. Therefore
further studies are currently being carried out to determine the defor-
mation dependent failure criterion of canine bone. In the future, this
failure criterion will be used for ﬁnite element analysis and might
allow a more realistic model of bone behaviour.
Despite these limitations, our study results conﬁrm the clinical
observation that lateral condylar fracture is the most common
fracture type. Medial and Y- fractures are less common and occur
due to humeroulnar interaction, whereas the radius causes lateral
condylar fractures. Additionally, fracture type may be sensitive to
bone positioning during trauma. We conclude from our results that
the pathogenesis of distal humeral fractures is more complex than re-
ported to date.Conﬂict of interest statement
None of the authors of this paper has a ﬁnancial or personal relation-
shipwith other people or organisations that could inappropriately inﬂu-
ence or bias the content of the paper.
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